Introduction
Stratospheric water vapor provides the most direct evidence that air enters the stratosphere primarily in the tropics. Both the overall dryness of the stratosphere (Brewer, 1949) and the large annual cycle in stratospheric water vapor (Mote et al., 1996) are evidence that air passes the cold tropical tropopause in transit to the stratosphere.
Recent calculations show that the observed annual cycle in water vapor is in quantitative agreement with transport across the seasonally-varying tropopause (Fueglistaler et al., 2004) . Interannual changes in stratospheric water vapor also reflect variations in tropopause temperatures; the temperature effects of the stratospheric quasi-biennial oscillation (QBO) and the El Nino -Southern Oscillation (ENSO) are seen in stratospheric water vapor in both observations (Randel et al., 2004, hereafter R04) and model calculations (Giorgetta and Bengston, 1999; Geller et al., 2002; Fueglistaler and Haynes, 2005) . Because of this relationship, stratospheric water vapor may be a sensitive indicator of variations in tropical tropopause temperatures.
The Halogen Occultation Experiment (HALOE) satellite instrument (Russell et al., 1993) has been making near-global measurements of stratospheric water vapor since late 1991. Continuing observations from HALOE show a substantial and persistent decrease in stratospheric water vapor beginning in approximately 2001, and continuing to present. This change in water vapor is also observed in several other satellite and balloon data sets. The focus of this paper is to explore variations in tropical tropopause behavior as an explanation for the recent low water vapor values. We examine tropopause temperatures to quantify coherence with water vapor, and isolate the spatial structure of recent temperature changes. We also examine variations in ozone profile near the tropical tropopause based on balloon and satellite data sets, and find ozone decreases after 2001 that have similar space-time characteristics to the observed temperature changes. One mechanism for such coupled temperature and ozone changes could be an increase in the mean upwelling (Brewer-Dobson) circulation near the tropical tropopause. Accordingly, we examine circulation statistics of derived tropical upwelling to search for changes consistent with the tropical temperature and ozone decreases after 2001.
Another mechanism for coupled temperature and ozone variations is a simple radiative response of temperature to ozone changes, and we used idealized model calculations to 10/5/2005 4 estimate the importance of this effect. We also examine longer-term variations in tropical tropopause temperatures and ozone, to put the recent changes in the context of decadalscale variability.
Data a. Stratospheric water vapor
The HALOE instrument provides high-quality vertical profiles of stratospheric water vapor derived from solar occultation measurements (Russell et al., 1993; Harries et al., 1996) . HALOE began operating in October 1991 and ended in August 2005. We use the v19 retrieval product obtained in so-called level 3 format. The HALOE measurements extend from the approximate local tropopause level to above 50 km; the vertical resolution is ~2 km, but the level 3 data are slightly oversampled with a 1.3 km vertical spacing (12 standard levels per decade of pressure, namely 100., 82.5, 68.1,…hPa). The HALOE occultation sampling makes approximately 15 sunrise and 15 sunset measurements per day, with sunrises and sunsets usually separated in latitude.
The latitudinal sampling progresses in time so that it takes approximately one month to sample the latitude range ~60° N-S. We bin the combined sunrise and sunset data into monthly samples for further analyses.
We briefly examine two other time series of stratospheric water vapor measurements to show that the low values after 2001 are not an artifact of the HALOE data. These data sets include balloon-borne frost point hygrometer measurements from Boulder, Colorado (40 N, 105 W), described in Oltmans et al., 2000, and obtained from the Integrated Global Radiosonde Archive (IGRA) from the NOAA National Climate Data Center; somewhat more attention is focused on a subset of 13 stations close to the equator (over 10 N-10 S). The station locations are shown below in Fig. 6 . Monthly means have been derived from daily measurements at standard pressure levels, plus the cold point tropopause (temperature minimum). We have compared data from each station with co-located satellite measurements from the Microwave Sounding Unit (MSU), following Randel and Wu (2005) , too demonstrate that these stations do not have significant data homogeneity problems for the time period after 1992.
Examination of longer-term (decadal) changes in tropical tropopause temperatures requires special attention, because changes (improvements) in radiosonde instrumentation or radiation corrections over time can result in spurious cooling trends (Seidel et al., 2001; Lanzante et al., 2003a,b; Randel and Wu, 2005) . Here we briefly examine longerterm changes in tropical tropopause temperatures based on a number of radiosonde stations from the LKS data set (Lanzante et al., 2003a,b) , which have undergone adjustments to minimize inhomogenieties. These time series are updated to 2004 using the Integrated Global Radionsonde Archive (IGRA), and the combined data are termed LKS+IGRA. Detailed comparisons with co-located satellite measurements suggest that many of the tropical LKS+IGRA stations still have artificial cooling biases in the lower stratosphere, with magnitudes in excess of 0.5 K/decade (Randel and Wu, 2005) . Accordingly, we restrict our attention to a handful of stations where such biases are relatively small; these include Hilo (20 N), San Juan (18 N), Nairobi (1 S), Manaus (3 S), Townsville (19 S) and Rio de Janeiro (23 S). We also include ozone data from Stratospheric Aerosol and Gas Experiment II (SAGE II) satellite measurements (McCormick et al., 1989 
Results

a. Stratospheric water vapor and tropical tropopause temperatures
The evolution of near-global (60 N -60 S) water vapor at 82 hPa for the entire HALOE record (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) is shown in Fig. 1a . Two features are evident in these data, namely (1) a large annual cycle (~1 ppmv), which is related to the annual cycle in tropical tropopause temperatures (Mote et al., 1996) , and (2) a decrease in overall values (by ~0.4 ppmv) after approximately 2001. Interannual anomalies are most easily analyzed by removing the annual cycle, and Fig. 1b shows a deseasonalized version of the near-global anomalies (the data are deseasonalized using harmonic analysis at each latitude and height, as described in R04). The deseasonalized data show the relatively abrupt drop after ~2001, persisting to near the present. There is also clear variability on an approximate 2-year time scale, associated with the QBO (discussed in detail in R04 and Fueglistaler and Haynes, 2005) . The interannual variations seen in Fig. 1 (both the QBO and recent decrease) are observed to originate in the tropical lower stratosphere, and propagate in latitude to cover most of the global lower stratosphere with a time scale of several months (R04). The tropical anomalies also propagate in altitude at a rate of ~8 km/year, so that dry anomalies are evident near 10 hPa (32 km) after ~2003. ~1998, which are part of a long-term increase seen in these data (Oltmans et al., 2000) . The vertical profile of ozone in the tropical lower stratosphere reflects a balance between photochemical production and large-scale upwelling (Avalone and Prather, 1996) . Input of low ozone via tropical deep convection also influences the ozone profile, and this appears to be most important over ~12-14 km, although the influence can reach ~16 km (Folkins et al., 2002; Dessler, 2002) . Mixing from extratropics also contributes in the tropical lower stratosphere, above ~18 km (Volk et al., 1996) . Here we examine tropical ozone changes during recent years in the SHADOZ ozonesonde and SAGE II satellite data sets. SHADOZ began regular measurements in 1998, and continuous records are available from 7 tropical stations (with location illustrated in Fig. 6 ). There is a large annual cycle in ozone near the tropical tropopause, and we have deseasonalized the SHADOZ and SAGE II using harmonic analysis to study interannual changes. The global-scale stratospheric Brewer-Dobson circulation is in balance with eddy forcing from large and small-scale waves (Haynes et al., 1991; Holton et al., 1995) . A direct estimate for wave forcing of tropical upwelling is provided by calculation of the zonal mean momentum budget in subtropics, coupled with the continuity equation (Rosenlof, 1995; Plumb and Eluczkiewicz, 1999; Randel et al., 2002; Kerr-Munslow and Norton, 2005) . Using this formalism, tropical upwelling is proportional to the difference in (vertically integrated) EP flux divergence, weighted by the inverse Coriolis parameter, between NH and SH subtropics. In practice the calculations are limited by uncertainties in EP flux estimates near the tropopause in low latitudes (magnified by the inverse Coriolis parameter), and there is a limit to making estimates too close to the equator. Our calculations here are based on details discussed in Randel et al. (2002) , applied to meteorological fields from NCEP (Kalnay et al., 1996) and ERA40 (see http://www.ecmwf.int/research/era ) reanalysis data sets. The derived upwelling is termed * m w < > , where the angle brackets denote the average value over a latitude band, and the subscript m denotes that the upwelling is derived from momentum balance (Randel et al., 2002) . We find that reasonable results are obtained for latitude limits of +/-20 degrees (and thus the results apply to averaged upwelling over 20 N -20 S). to propagate slightly deeper into the tropics (e.g. Randel and Held, 1991) , qualitatively consistent with the eddy signature in Fig. 10b . However, these results should be caveated 10/5/2005 12 by the fact that the anomalies are small, and there are known uncertainties and biases in reanalysis data sets (Santer et al., 1999) ; note the NCEP temperature data exhibit substantial changes near the tropical tropopause after 2001, probably related to a change in satellite input data (R04). However, while the changes in EP flux and derived upwelling are relatively small, the coherence in time with observed temperature changes (Fig. 9) is suggestive that these changes are a real effect.
d. Radiative influence of tropical ozone changes
As discussed above, coupled temperature and ozone changes near the tropical tropopause can result from enhanced upwelling; the coincidence of large responses near ~15-20 km results from long radiative time scales (for temperature) and strongest background vertical gradients (for ozone). Another mechanism for coupling of ozone and temperature in this region is the radiative response to any ozone changes that occur (for whatever reason). To estimate the importance of this effect, we have calculated the temperature response to an imposed ozone decrease of 10% near the tropical tropopause, with a vertical profile shown in Fig. 11 (this is similar to the observed changes in Fig. 9 ).
Calculations are based on a fixed dynamical heating radiative transfer model; see Forster and Joshi (2005) for details. The resulting radiative temperature changes (also shown in Fig. 11 ) reveal maximum cooling of ~ 0.5 K near the tropopause, with a vertical profile similar to the imposed ozone change. Additionally, smaller amplitude warming is found in the lower stratosphere (0.1-0.2 K over 20-27 km), and this is the result of increased upwelling infrared radiation from the troposphere, due to less absorption at the colder tropical tropopause.
The calculated temperature change in Fig. 11 (~ -0.5 K) is a substantial fraction of the observed changes seen in Fig.4 , suggesting that the radiative effects of neartropopause ozone changes could be a relevant factor. This applies to year-to-year variations, and also to long-term decadal changes.
Relation to decadal-scale changes
The hPa levels. These trends have been accelerated due to the recent cold anomalies, especially at the 70 hPa level. We note that these tropical cooling trends are qualitatively similar to those discussed in Thompson and Solomon (2005) , although the magnitude of the changes and the detailed spatial structure is different, based on this subset of the LKS+IGRA data.
Estimates of long-term trends in ozone near the tropical tropopause rely completely on satellite data, as the ozonesonde record is poor prior to the SHADOZ network beginning in 1998. we note that the model simulations of Buchart and Scaife (2001) suggest increases in tropical stratospheric upwelling in a future changing climate, but the calculated increase is only ~3%/decade, which is small compared to the ~10% year-to-year changes evident in Fig. 9 . (Fig. 4) . The temperature changes are largest in equatorial latitudes, and are evident over all longitudes.
Summary and Discussion
Global
We have also examined changes in the vertical profile of ozone in the tropics, based on ozonesonde observations from SHADOZ (covering 1998-2004) Fig. 7) and the profile of ozone changes (Fig. 8) . (Fig. 10b) , associated with enhanced momentum flux convergence from subtropics (in both hemispheres).
Another mechanism that contributes to ozone-temperature coupling is the direct radiative response to ozone change, in this case a cooling coincident with decreased ozone near the tropopause. We have estimated the magnitude of this effect using a fixed 
